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Thin film transistors (TFTs) were fabricated with a transparent amorphous gallium tin 
zinc oxide (GSZO) channel layer. GSZO is a promising, low cost replacement for the 
commonly used indium gallium zinc oxide (IGZO).The transistors were fabricated on Si 
substrates to optimize performance prior to transferring device production to flexible 
substrates. This dissertation will address the effects of deposition and post-deposition 
parameters on the film properties and  interface traps. It will also address the parameters’ 
resultant effects on device performance and stability with the use of  various 
characterization techniques. Film properties were studied using x-ray diffraction (XRD) 
and transmission measurements to assess the structural and optical properties of the 
deposited films. X-ray photoelectron spectroscopy (XPS) analysis was performed to 
determine the surface composition of the channel layer, and correlate the surface 
properties to the resulting device performance. Enhancement and depletion mode devices 
were fabricated. TFT performance was evaluated through the current-voltage (I-V) 
characteristics of the devices under normal, electrically stressed and photo-excited 
conditions operating conditions. Depletion mode TFTs were produced with drain current 
(ID)=  10
-6
 A, threshold voltage (VT)=  -3 V, subthreshold swing (SS)=  1.3 V/decade, and 
on/off current ratio (Ion/off)= 10
6
 when operated in the dark without gate stress. TFTs with 
10 sccm oxygen incorporation during deposited and post-deposition annealing at 250 °C 
 
 
   
 
exhibits the best performance amongst enhancement mode devices with ID of 10
-7
A, VT 
of 3 V SS of 1.33 V / decade, and Ion/off  of 10
6
. In addition, a stable RT  deposited  TFT 
has been achieved with 2 sccm  oxygen incorporation, and 250 °C post deposition 
annealing temperature, that exhibits a ΔVT as low as ~0.5 V for a 3hour stress period 
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1.1  Overview  
The continuous strive to make electronics more conveniently portable, improve 
consumer experience, and meet consumer demands compels manufactures to constantly 
explore new ways to reinvent and improve products. One way to accomplish this goal is 
to employ new materials that are capable of providing added features, functionality or 
durability to devices. Currently zinc oxide (ZnO) and ZnO based alloyed material 
systems are attracting great attention [1-8] due to their broad applicability in electronics 
and optics. The most mature applications of ZnO are optical coatings, varistors, and 
surface acoustic wave devices [9]. With the evolution of displays from passive to active 
matrix switching [10] ZnO based alloys are emerging as materials of interest in the flat-
panel display industry. This progression is driven by the use of TFTs that function within 
the active matrix of the display as a pixel switch. As a new material for active matrix 
switching ZnO based alloys compete with the widely used [10] existing amorphous 
silicon (a –Si) TFT [9].  ZnO TFTs have the capability to outperform existing silicon 
TFTs in certain environments [9]. They also have a lower density-of-states (DOS), 
including that of tail and deep level states, than that of a-Si [11]. In addition, ZnO’s high 
transparency is advantageous in markets for fully transparent electronics, such as 
transparent monitors/televisions and heads-up displays.  
 Within the market of transparent electronics, there is a developing interest in 





complex in that they require material systems to be deposited at low temperatures, while 
maintaining or exceeding the functionality of non-flexible devices. Low temperature 
deposited ZnO based TFTs were demonstrated by various groups. The published 
literature on these devices reports on various binary and ternary oxide systems but to date 
only limited work has been devoted to GSZO [12-21], which has been identified as 
reasonable endeavor based on the low temperature requirements [17].  
1.2  Motivation 
In an effort to provide advanced support systems to soldiers in the field, Research 
Triangle International Incorporated and North Carolina Agricultural and Technical State 
University joined in collaboration for the development of flexible displays for U.S. Army 
mobile electronics [22]. The ultimate goal of this collaboration is the development of 
“more portable, environmentally rugged flexible displays than glass-based technologies 
which require extensive protection that adds cost and weight [22].” The flexible display 
backplane must consist of transistors capable of maintaining functionality on a flexible 
substrate; hence this work is geared towards the investigation of a novel material system 
compatible with low temperature deposition for the utilization of a flexible backplane.  
1.3  Objectives 
 In this study, GSZO films have been investigated as a channel layer for thin film 
transistors. The focus of this work is as follows: 
(a) To gain further insight into the effect of deposition and post deposition parameters on 





(b) To develop a fundamental understanding of how the variation of film components 
influence the electrical and optical stability of resulting devices. 
A literature review is presented in chapter 2, on the work that has been carried out 
thus far regarding the properties and influencing factors of ZnO and ZnO based  alloys on 
thin films and the resulting TFTs. The procedures for film deposition/characterization and 
TFT production/testing are described in chapter 3. Chapter 4 presents film 
characterization and device testing results. Chapter 5 presents an interpretation of the 
results described in chapter 4. Chapter 6 is a brief summary of the work presented. 







OXIDE BASED SEMICONDUCTORS AND THIN FILM TRANSISTORS 
2.1 Oxide based semiconductors 
A special class of oxide based semiconductors exists that are transparent (when 
deposited as thin films) and capable of yielding good conductivities. These oxides fall 
within one of two categories 1) transparent conducting oxides (TCOs) or 2) transparent 
amorphous oxide (TAOs).  The category of oxide is determined based on the crystal 
structure of the material, where TCOs are polycrystalline and TAOs are amorphous. Both 
TCOs and TAOs possess distinct attributes that make them ideal for their respective 
applications. 
2.1.1. Transparent conducting oxides 
The ability to produce materials that possessed both  high optical transparency 
and  high electrical conductivity was believed to be impossible prior to 1907 [23]. 
Materials with high transparency typically have  low conductivities [5] due to the 
difficulty of carrier doping resultant from their large band gap ( ≥ 3.3 eV). With the 
discovery of TCOs, the realization of dually transparent and conductive materials was 











 [24]. The high transparency/conductivity duality of TCOs  
arises from the material’s large band gap and charge compensating electrons promoted 
from defect energy levels to the conduction band  minimum (CBM) [3]. The CBM of 
these materials is primarily composed of vacant s-orbitals with a spatial spread large 





therefore the electron effective mass is small in these oxides, making the material highly 
conductive [25]. The conduction path formed by s-orbital overlap is shown in Figure 2.1. 
 
Figure 2.1. Schematic orbital of carrier  transport paths for TCOs composed of post 
transition metal cations [26]. 
Amongst TCOs, ZnO is extensively investigated due to its direct wide bandgap of 
3.4 eV at 300 K [8], low cost, elemental abundance, and promising electrical 
performance. The alloying of ZnO provides the opportunity to engineer TCO films for 
the enhancement of electrical, optical, and physical properties by altering their elemental 
compositions [27]. Unfortunately, due to the naturally high conductivity TCOs (ZnO, 
gallium zinc oxide (GZO)) are not optimally compatible with applications requiring 
current switching such as transistor active layers. 
2.1.2.  Transparent amorphous oxides 
TAOs the amorphous and high resistance counterpart of TCOs not only allows for 
application in devices that demonstrate current switching, but also are capable of being 
deposited uniformly over large areas at low temperatures [28], making them highly 





means that the material is electronically homogeneous over very large areas and length 
scales [29]. Further, amorphous semiconductors are preferred over polycrystalline due to 
their degenerate band conduction that results in large mobility [26]. In addition, TAOs 
have a direct overlap among the neighboring metal orbitals that produce an optimal 
carrier transport path than that of covalent semiconductors in the amorphous state, such 
as a-Si. The TAO transport path is show in Figure 2.2.  Common ZnO based TAOs alloys 
are indium zinc oxide (IZO) and indium gallium zinc oxide (IGZO). A fairly recently 
investigated material system gaining attention is gallium tin zinc oxide (GSZO).  
 
Figure 2.2. Schematic orbital of carrier  transport paths for TAOs composed of post 
transition metal cations [26]. 
2.2 Zinc oxide and zinc oxide based materials 
The following is a brief review of ZnO and ZnO based alloys containing In, Ga , 
and Sn in order to show the characteristics of these elements when incorporated into 
ZnO. As a result, some alloyed compositions may belong to TCO class of material, 





have been composed of the research findings that closely parallel the experiments 
performed for this work.  
2.2.1.  Zinc oxide 
Research on  ZnO, a II – VI compound semiconductor began in the 1930s [30].  It 
has a preferred hexagonal wurzite crystalline structure and a wide band gap of 
approximately 3.4 eV that enables it to appear colorless [2, 30]. Currently, ZnO is an area 
of interest for implementation in thin film transistor applications [31]. As a result there 
have been numerous investigations into the effect of deposition conditions and ambient 
on the characteristics of ZnO films.  
  Webb et al. [32] in their investigation of rf sputtered ZnO films found that 
resistivity is strongly dependent upon substrate temperature. They observe that increasing 
the temperature above 400 K (127 °C) resulted in an increase in film resistivity of the, 
whereas reducing the temperature to 350 K (77 °C) decreased the resistivity by a factor of 
two, and the further reduction of temperature resulted in a rapid increase in resistivity. In 
studies of an organometallic chemical vapor deposited films, a decreasing  band gap was 
also observed to be resultant of increasing substrate temperature [33].  
There is an expected deterioration in electrical performance of ZnO layers that are 
rf sputter deposited at low temperatures (RT), due to the lower crystalline quality and 
increased randomness of deposited atoms [34]. These properties can be improved with 
thermal annealing. Ahn et al. [34] observed a drastic decrease in the resistivity of the 









Ω cm (350 °C annealed). Upon further annealing of 650 °C the 
resistivity decreased further to an order of 10
-2 
Ω cm.   
The intentional incorporation of oxygen during film deposition was found to 
influence the resistivity and carrier concentration of ZnO. Jie et al. [35]  demonstrated 
that crystallinity deterioration with increasing oxygen incorporation. It was also found 
that the increased oxygen results in lower sputtering efficiency of the target.  Im et al. 
[36] found that the introduction of oxygen (in small amounts) during deposition resulted 
in a slight decrease in resistivity and upon higher incorporations the resistivity increased. 
They also observed a continuous decrease in carrier concentration with increasing 
oxygen, though the magnitude of change with increasing oxygen pressure decreased. This 
change in resistivity and carrier concentration is attributed to the reduction of oxygen 
vacancies (shallow donors) with increasing oxygen incorporation. Carcia et al. [37] 





 Ω cm) at higher pressure, which is in agreement with Im et al. 
This phenomenon is believed to occur due to the films becoming closer to stoichiometric 
with fewer structural defects at higher oxygen incorporations, and therefore yielding 
higher resistivities.  
Literature on ZnO mentions a photoresponse that yields an instability in the 
electrical characteristics of the film [38, 39]. Illuminated by monochromatic light causes 
the generation of electron-hole pairs, resulting in increased conductivity. For UV and 
visible excitation, the electron – hole pairs are generated from valence – conduction band 





delineated into two parts [40]: a rapid and reproducible solid-state process for band-band 
transition, and a slow process with large response which is defect related. The former can 
be expressed by, 
                        2-1 
where e and h represent electron and hole respectively. The latter, a two-step process, 
involves the absorption of oxygen in dark conditions, 
       ( )    
     
  (  )                              2-2 
and the photodesorption of O2 by capturing a photo-generated hole, 
                      
  (  )      ( )           2-3 
Oxygen chemisorption at the surface affects the electrical parameters on ZnO films [1, 
41]. 
2.2.2.  Gallium doped zinc oxide and Gallium zinc oxide 
Ga
3+
 has been reported to be amongst the best dopants for transparent conductive 
ZnO films, which is attributed to its radius being closer to and smaller than Zn
2+
 in 
comparison to other impurities [42]. Low temperature deposited GZO was observed to 
possess a lower resistivity than undoped ZnO signifying that part of Ga atoms lie in 
substitutional sites [42].  Kelly et al. [43] found the resistivites of ZnO:Ga to be 
significantly lower than that of ZnO, though the variation of Ga incorporation from 1 to 5 
at. % showed no significant changes in resistivity. Lee et al. [43] shows that as the wt. % 
of Ga2O3  increases (from 0.6 to 5.7 wt. %) the crystallinity improves, and resistivity 





Song et al. [44] observed that films carrier concentration and hall mobility 
increased with increase in deposition temperature from RT to 400 °C, with films 
deposited at 400 °C having the lowest resistivity. Films deposited at temperatures above 
400 °C showed a significant increase in resistivity, along with a decrease in carrier 
concentration and hall mobility. Wu et al. [45] shows an increase in crystallinity with 
increased deposition temperature. In addition, it was observed [45] that increasing 
substrate temperature increases the Ga doping concentration along with the number of 
oxygen vacancies. Lee et al. [43] shows that at Ga2O3 incorporations of 3 wt. % and 
beyond there is an increase in optical bandgap with increasing deposition temperature. 
Nagarani et al. [46] shows an increase in crystallinity and a decrease in resistivity with an 
increase in deposition temperature.  
 Ma et al. [47] illustrates the dependence of the resistance of a ZnO:Ga on the 
Ar/O2 gas ratio used during deposition. Here it was found that a minimum resistivity is 
achieved at a ratio of 15:1, beyond which the resistivity increases. With increasing Ar/O2 
gas ratio (lower O2 partial pressure) the oxygen amount was too low to oxidize all of the 
sputtered metal atoms, thus the film became sub-stoichiometric and a large number of 
oxygen vacancies were created there creating a high carrier concentrations. It was also 
found that the optical bandgap of the film increased with increasing Ar/O2 gas ratio. 
 Martins et al. [48] corroborates Ma’s finding and adds that increased oxygen 
begins to compensate vacancies and reducing carrier concentration, and thereby 
increasing resistivity. Martins continues to report that ZnO films are more sensitive to 





electrical conduction in oxide semiconductors is highly dependent on its iconicity and 
hence on the number of vacancies (as a source of free carriers). In ZGO Ga forms a 
shallow bound state below the ZnO conduction band edge, but at high concentrations, 
this forms a continuous band with the ZnO in the alloy. 
 Wong et al. [49] observed three regimes that show different reactions to oxygen 




 Torr) showed no change in the carrier 
concentrations, but improvement in mobility, and a reduction in resistivity. This is 
attributed to the removal of deep-level oxygen vacancy charge defects (2
+
 state).  The 




 Torr) showed slight decreases in both carrier 
concentration and mobility with increasing oxygen pressure. This is attributed to the 
formation of oxygen interstitials, which introduce states in the lower part of the band gap 
that can accept two electrons, thereby decreasing the electron concentration. The third 
regime (high oxygen > 5x10
-3
 Torr) shows a drastic decrease in mobility and a large 
increase in resistivity. This is attributed to a reduction in the diffusion path length for the 
absorbed atoms which leads to a loss in mobility through grain boundary scattering. 
Huang et al. [50] shows that annealing in vacuum yields the lowest resistivity, 
followed by oxygen, then Nitrogen. They also show a decrease in resistivity with 
increased annealing temperature for oxygen and vacuum ambients, where nitrogen has an 
initial increase in resistivity followed by a steady decrease. 
2.2.3. Indium zinc oxide 
IZO tends to favor the deposition of a material with a disordered structure, leading 





illustrates that as the incorporation of In increases in ZnO the film becomes amorphous. 
In
3+
 is said to form shallow donor states in ZnO [48]. It was shown that upon 
incorporating 1 at. % In into ZnO the resistivity decreased from 0.14 to 9.6x10
-3
 Ω cm, 
and with a 2 at. % incorporation to 6.3x10
-2
 Ω cm [52]. It was shown by Park et al. [53] 
that IZO when the film content of Zn is greater than 60% for RT deposited films they 
show a crystalline behavior. Films tested by Park that were grown at 300 °C all showed 
crystalline behavior for all Zn incorporation percentages. Park also shows a decrease in 
bandgap energy with increasing Zn incorporation. By adjusting the Zn/In ratio Kumar et 
al. [54] was able to vary the absorption edge from approximately 2.65 eV to 3.0 eV. The 
Martins group [55] observed that unlike ZnO where the only scattering mechanism is 
ionized impurity, causing the mobility to increase as the net carrier concentration 
decreases, IZO films exhibit a reverse behavior. This behavior is explained by the Hall 
mobility being limited by trapping at localized states and that oxygen vacancies 
contribute to the enhancement of conduction electrons [56]. Wang et al. [57] determined 
the main influence on the resistivity of the films were the oxygen partial pressure. 
Martins et al. [48, 55, 58] confirms this statement with their work by showing a decrease 
in resistivity with decreasing oxygen partial pressure. Naghavi et al. [59]observes the 
influence of deposition temperature on the crystallinity of the films. Here they find that 
films deposited at room temperature and 100 °C to be amorphous while films deposited 
at higher temperatures become increasing more crystalline. They also note changes in the 
film composition with respect to the oxygen pressure. This is attributed to an increase of 





Kim et al. also investigates the effect of deposition temperature, and shows that films 
became crystalline at temperatures above 200 °C. They also showed an evolution of 
crystallinity, where the layers closest to the substrate were amorphous and the layers 
beyond 50nm away were crystalline. Dehuff et al. [60] illustrates the effect of post-
deposition annealing on transistor Von and VT values by showing the mode of operation 
difference between TFTs with channel layers annealed at 600 and 300 °C. The 600 °C 
device operated in depletion mode where the 300 °C device is enhancement mode. 
Goncalves et al. [61] shows a drastic increase in resistivity of their annealed sample 
versus the as-deposited. This increase in resistivity was accompanied with a decrease in 
carrier concentration and mobility. Ito et al. [62]shows the effect anneal with respect to 
the crystallinity of the film. Their XRD patterns show that as annealing increases beyond 
400 °C it changes from amorphous to crystalline.  They also show upon annealing at 
various temperatures films annealed in air show an increase in resistivity where those 
annealed in vacuum show a slight decrease. This is attributed to a decrease in carrier 
concentration for those annealed in air and a slight increase in concentration for those in 
vacuum. Ku et al. [63] shows a decrease in resistivity with increasing annealing 
temperature up to 400 °C for films with 1% oxygen incorporation, beyond 400 °C there is 
an increase in resistivity. The samples with less than 1% oxygen show no significant 
change in resistivity. The increases in resistivity with annealing was also confirmed by 
Jeon et al. [64], which is attributed to the filling of oxygen vacancies. Jeon et al. also 
shows a decrease in band edge with annealing. Lee et al. [65] observed an unexpected 





annealing temperature used. At low temperature the kinetics of diffusion of oxygen into 
the film is likely to be extremely slow, and instead it was proposed that a structure 
relaxation occurs which generates carriers when the as-deposited film is annealed. 
2.2.4.  Indium gallium zinc oxide 
Multicomponent oxides lead to a better control on vacancies, lower off currents, and a 
lessened sensitivity to the state of oxidation [48].  This is done by reducing the sensitivity 
to oxygen and exploiting the beneficial traits from each element incorporated into the 
system.  
2.2.4.1.  Oxygen 
It was observed by Takagi et al. [66]that the transmission spectra of a-IGZO films 
differ according to carrier concentrations, and that the concentrations were variable by 
altering the oxygen pressure during deposition. Yabuta et al. [67] shows that electrical 
conductivity decreases as the oxygen partial pressure increases. Shin et al. [68] reports 
that the number of defect states (or tail states) that absorb the photon energy is believed to 
decrease with the oxygen content to reach a minimum. This accounts for the reduction in 
the absorption edge with increased oxygen. Na et al. [69] determined that IGZO films are 
semi-insulating when deposited with  oxygen incorporations greater than 1.47%. Park et 
al. [70] suggests that unlike absorbed oxygen molecules, forming a depletion layer below 
the active surface, absorbed water molecules form an accumulation layer. Kwon et al. 
[71] states that sputtering of oxygen during Ar ion bombardment causes a-IGZO to 









2.2.4.2. Deposition/Annealing Temperatures 
Chen et al. [72] shows films begin to become crystalline at deposition 
temperatures of 400 ˚C or greater. They also show that after an initial drop in resistivity 
when increasing deposition temperature from RT to 200˚C, resistivity remains relatively 
constant upon further increase.  
2.2.5.  Tin zinc oxide 
Ko et al. [73] shows that films demonstrate a decrease in resistivity with increased 
annealing temperature as long as the films remain amorphous, but once they begin to 
crystalize resistivity increases sharply. The crystallization temperature was shown to be 
above 200 °C for films deposited with an rf power of 10 W and below, and 450 °C for 
those deposited at 20 W. Jayaraj et al. [74] shows that films are amorphous until annealed 
at temperatures of 450 °C and above. At this point the films crystalizes partially, given 
rise to crystalline phases of the simple oxides ZnO and SnO2. 
2.2.6.  Gallium tin zinc oxide 
Unlike, previously mentioned material systems the high resistivity of GSZO 
hinders the use Hall measurement techniques. The characterization of the film is 
therefore typically done through AFM, XRD, transmission/reflectance, and XPS. Hall 
measurements show film resistivity of as-deposited samples to be of the order of 10
10
 Ω 
cm, with a Hall mobility of 5 cm
2
/ V s AFM demonstrated no significant change in 





amorphous structure up to 600 °C  for an ALD deposited film [15] and up to 2 % oxygen 
partial pressure for sputter deposited samples [20]. The increased percent incorporation of 
Ga into ZSO was shown by Palmer et al. [12] to be proportional to the size of the optical 
band gap of the resultant GSZO. This influence of Ga incorporation on the optical band 
gap was also observed by Kim et al. [21]. Ogo et al. [15] upon analysis of absorption 
data, deduced from transmission and reflectance measurements showed the presence of 
extra energy states formed in the subgap region. The subgap absorption decreases on 
increasing the annealing temperature [14, 15]. XPS analysis of the films yield varied 
results. Fortunato et al. [13] observed a surface enrichment of Ga and Sn with increased 
annealing temperature, along with an increase in the O 1s ratio of oxide/hydroxide. With 
respect to oxygen incorporation during deposition Kim et al. [20] shows a decrease in the 
atomic concentration of Sn and a surface enrichment of Zn with increasing oxygen partial 
pressure. 
2.3 Metal oxide semiconductor field effect transistors (MOSFET). 
The MOSFET is a vital component in the production of integrated circuits due to 
its capability to control current [75]. Its basic structure is shown in Figure 2.3. The W and 
L in the figure represent the width and length of the transistor’s channel region. The type 
of MOSFET is determined by the majority carriers of the doped the source and drain 
regions, where a device with n+ source/drain regions yield a n-type transistor and p+ 
source/drain regions a p-type. Both n- and p-type devices have two modes of operation, 
enhancement and depletion mode. The two modes of operation differ in that the channel 





depletion mode devices have a former channel zero VGS [75]. The application of gate-to-
source bias induces an electric field in the oxide layer that penetrates the semiconductor 
[75].  In the case of n-channel enhancement transistors the electric field produced by a 
positive applied VGS greater the VT attracts electrons to the oxide – semiconductor 
junction producing a conductive channel between the source and drain regions, and a 
negative VGS repels electrons from the channel region. A positive VGS for n-channel 
depletion transistors enhances the already formed channel where a VGS more negative 
than VT compensates the charges of the normally formed channel. A cross sectional view 
along with the typical output and transfer characteristics of the transistor types and modes 
of operation are shown in Figure 2.4. The application of voltage across the source and 
drain causes the mobile charges in the channel to flow, producing a current.  
 







Figure 2.4. Cross sections, output characteristics, and transfer characteristics of 
MOSFETs [76]. 
The current – voltage relationship for both n- and p-channel transistors is 
expressed in equations  [75, 76]. Transistors are described to be in the linear region when 
applied drain to source voltage (VDS) is less than the saturation value of VDS (VDS(sat)). 
When VDS is greater than or equal to VDS(sat) the transistor is operating in the saturation 
region, where the maximum achievable ID has been reached, see Figure 2.5. Equation 2-4 
shows the calculation for determining the value of VDS(sat). Equations 2-5 and 2-7 are for 
the linear operation region where Equations 2-6 and 2-7 are for saturation.  
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In the above current equations µn and µp are the mobility of electrons and holes 
respectively, Cox is the capacitance of the oxide layer, and W/L the width : length ration 
of the channel region. The threshold voltages of the n- and p-channel transistors are 
distinguished by their subscripts, and for p-channel devices the “SG” & “SD” subscripts 
represent source to gate and source to drain respectively. 
 
Figure 2.5. Output curves for n-channel enhancement mode MOSFET.  
2.4  Thin film Transistors 
The first TFT was produced in 1962 by Weimer [77, 78]. The basic working of 
TFTs, like traditional MOSFETs, is that charge density in the active layer and thus its 





injected and collected by the source and drain electrodes, respectively [79]. Due to these 
similarities it is common practice to specify the electrical characteristics of a TFT using 
the MOSFET model equations [80]. The benefit of TFTs as opposed to the typical 
MOSFET is the structure allows for low temperature production of these devices. The 
TFT structure differs from the conventional MOSFETs where the semiconductor material 
is the substrate. The structure of a top gate TFT is shown in Figure 2.6.  
 
Figure 2.6. Top gate TFT structure. 
2.5 ZnO and ZnO based TFTs 
2.5.1. ZnO TFTs 
The first ZnO TFT was proposed in 1968 by Boesen et al. [81, 82], and has 
become a highly researched area, and has expanded to include doped ZnO and ZnO based 
alloys [6, 8, 83]. The utilization of these materials are ideal for TFT production due to the 
low costs, suitability for semiconductor applications, mature manufacturing processes, 
low temperatures manufacturing, and high transparency. The first ZnO transistor was 
reported in 1968 by Boesen et al. [84], and was found to have relatively large values of 





processing.” Since 1968, with advances in the transistor fabrication process, it is now 
possible to deposit high quality films at /near room temperature [85], thereby improving 
the device performance. Some important factors in the processing of the active layer are 
the deposition conditions (temperature and ambient) and annealing temperature. It was 
found that these factors could drastically alter the behavior of the resulting device. 
Regarding deposition temperature Kwon et al. [86] observed that devices 
produced with ZnO channel layers deposited at 130 °C did not exhibit saturation and 
behaved more like a metallic than a semiconductor. They attributed the metallic behavior 
to a higher carrier concentration invoked by the higher deposition temperature (vs. room 
temperature). The higher carrier concentration was illustrated by the decrease in VT as the 
deposition temperatures were increased.  
The effect of deposition ambient, specifically oxygen incorporation on ZnO TFT 
performance was realized by Carcia et al. [37].  
Ahn et al. [34] reports that the I-V characteristics of their device with 650 °C 
annealing showed metallic behavior with an almost linear curve.  
As a means of evaluation of the quality and reliability of the ZnO layers and the 
resulting TFTs photoexcitation and electrical stress measurement techniques are 
employed.  
Bae et al. [87] reports on the photodetection capability of ZnO TFTs, noting that 
the largest photoelectric effect resulted from ultraviolet illumination, while red photons 
were shown to be ineffective. The ineffectiveness of the red photons was described to be 





known to exist near 2.3 eV below the conduction band of ZnO polycrystals [33, 36, 87]. 
In addition, the photoelectric ratio was observed to be larger in the depletion states [87]. 
Murphy et al. [38] confirms the presence of deep traps levels (near 2.3 eV) in ZnO where 
a “green band “ peaking at 2.35 eV (530 nm) is observed through photoluminescence 
spectra. They also note that deep traps present at the ZnO surface are a primary source of 
the photoconductive response associated with the adsorption of oxygen or hydroxide 
groups on the ZnO surface. Lee et al. [88, 89] related the magnitude of threshold voltage 
shift to the density of traps present in the device active layer. They deduced that the 
density of interface traps measured by the VT shift is only valid in cases without 
significant bulk trap densities, and when bulk traps are significant the sub-threshold 
swing (SS), mobility (µ), and Ioff will change in addition to VT. The relationship between 
the shift in VT with photoexcitation and the density of trap states was expressed as 
follows: 
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) with respect to EC, Cox is the dielectric 
capacitance, and 
   ( )
  
 is the change in VT with respect to ε. Using the above equation 2-
9 it is possible to calculate the density of trap states at specific energy levels.  
With any device produced it is important that its performance remains consistent 
throughout the expected lifetime of the product in which it is implemented into. For this 
reason stability testing is essential when characterizing the performance of devices. Two 
mechanisms were identified to be responsible for the instability in TFTs under gate bias. 





in the gate insulator/channel interface [90-92]. The former is said to dominate at lower 
field, while the latter dominates in large stress fields [93]. Cross et al. [92] observed that 
the application of positive bias resulted in the displacement of the transfer curve in the 
positive direction and the application of a negative bias displaced the curve in the 
negative direction. Cross et al. goes on to state, the shift of VT is evidence of charge 
trapping being dominant in the instability of the TFT, which the group justifies due to the 
initial state recovery of the device without any annealing to release the trapped charges.  
In addition, they state that a low stress bias, temporary charge trapping at/near the 
channel/ insulator interface seems to dominate; temporary defect creation becomes 
increasing evident at high biases and long stress times. Navamathavan et al. [94] reports 
on a ZnO TFT produced with a 200 nm active on glass/ITO/SiNx. The stability of the 
TFT was examined through the device performance after electrical gate bias stress. 
Devices were stressed for duration of 200 s under a gate bias of +10 and -10 V. The TFT 
transfer characteristics prior to electrical stress were compared to that after stress to 
determine the stability of the device. A horizontal shift towards the left was observed, 
suggesting the presence of trapped charges at the semiconductor/dielectric interface. A 
change (3 orders of magnitude) in off current (Ioff) was also observed indicating that 
leakage current increases with bias stress. It was determined that the magnitude and 
duration of applied electrical is directly related to the amount of degradation experienced 
by the TFT. Flewitt et al. [29]  observed a minimal change in VT of 0.2 V during a stress 
period of 10
5






2.5.2.  GZO 
 Verma et al. [95] investigated the environmental effects on GZO bottom gate 
TFTs and observed a 2 order of magnitude decrease in current of the device after a 10 
day storage period. This was attributed to oxygen vacancies and zinc dangling bonds at 
the surface that act as active sites for the absorption of oxygen molecules present in 
atmosphere. The absorption of oxygen on the surface forms a depletion layer in the thin 
film channel and overall performance of the device decreases.  
2.5.3. IZO 
 Barquinha et al. [96] discusses the effects of photoexcitation and demonstrates a 
negative shift in VT and a decrease in Ion/off as excitation wavelength increases. Regarding 
gate stress it was proposed [29] that the accumulation of free electrons in the channel 
region upon application of the gate bias will result in deep defect states becoming 
occupied with time. Once occupied, they will not act to trap further electrons, and so the 
average lifetime of free electrons in the conduction band will increase. Liu et al. [97] 
showed the effect of stress in both positive and negative stress in air, showing a positive 
and negative shift in VT respectively. This was also illustrated by Xu et al. [98]. The 
positive shift was attributed to absorbed oxygen from the ambient atmosphere, where the 
negative shift is attributed to an increased number of holes in the channel region and 
absorbed moisture from the atmosphere to form positively charged H2O
+
. The resultant 
buildup of positive space charges H2O
+
 induce conduction electrons in the a-IZO TFT 






Kelly et al. [52] showed that  Ga and In incorporation into ZnO showed blue 
shifts in the absorption edge with relation to undoped ZnO while Sn-doped ZnO showed 
a red shift. Sn-doped ZnO was shown to have an increased resistivity as opposed to 
undoped ZnO. In addition, the incorporation of Sn shows a resistivity of 1 – 4 orders of 
magnitude higher than that of comparable Ga and In incorporations.  Adversely, Hoffman 
et al. [99] showed a negative shift in Von with increasing Sn incorporation, signifying a 
reduced resistivity. It is to be noted that Hoffman et al. [99]also observed that the TFT 
performance is influenced by numerous additional process-related and structural 
parameters. In an comparison of rf and dc sputtering [100] it was observed that rf 
sputtering was strongly dependent on oxygen flow rate during deposition and a negative 
shift in Von was observed with increased annealing for rf where none was observed for 
dc. Görrn et al. [101]observed that devices with Zn contents below 36% and above 65% 
tend to exhibit positive shifts of VT when stressed , where as transistors transistors with 
nearly equal fractions of Zn and Sn show negative shifts of VT. Processing temperature 
was identified by Görrn et al. [102] as the dominating parameter for light sensitivity of 
the resulting device, with the  sensitivity increasing with decreasing deposition 
temperature. Görrn et al. [102]also showed a negative shift in Von and an increase in Ioff 
were shown for increasing light intensity and decreasing wavelength. The defect states 
responsible for Von shifts are situated near the semiconductor dielectric interface while 
the increase of the off current is caused by states in the volume of the oxide 





voltages and no significant shift for negative stress voltages signifying positively charged 
oxygen vacancies can behave as acceptor-like traps that are responsible for a positive 
shift [70]. The absence of the negative shift indicates that the electron concentration is 
predominant over the hole concentration in the ZTO. Chen et al. [104] shows a positive 
shift in VT with stress time that appears to saturate above 1000 seconds. Nayak et al. 
[105] shows a positive shift in VT when devices were stressed with a positive gate voltage 
and a negative shift for negative gate stress.  
2.5.5.  IGZO 
In IGZO films Kang et al. [106] delves into the investigation of the effect of 
oxygen by observing the shift in transfer curves of devices that are produced in increasing 
oxygen deficient and rich conditions. Kang’s results show a shift in on voltage in 
negative direction as the deposition ambient becomes increasingly oxygen deficient, and 
a positive shift in Von as the deposition ambient becomes oxygen rich. Barquinha et al. 
[107] shows that oxygen content has a greater effect on the transfer characteristics of 
non-annealed devices than that of annealed. They also show that as oxygen incorporation 
increases the degradation of devices characteristics. They observed the maximum 
incorporation before degradation to be 0.63%. Chiang et al. [108] reports findings similar 
to that of Barquinha regarding degradation of characteristics with increased oxygen 
pressure. Shin et al. [68] reports that VT increases with increasing oxygen content, due to 
the suppression of the carrier concentration generated by the oxygen vacancies in the 
active layer. Further, it was observed that the number of defect states (or tail states) that 





minimum. This accounts for the reduction in the absorption edge with increased oxygen. 
Na et al. [69] determined that IGZO films are semi-insulating when deposited with  
oxygen incorporations greater than 1.47%. Park et al. [70]suggests that unlike absorbed 
oxygen molecules, forming a depletion layer below the active surface, absorbed water 
molecules form an accumulation layer. Barquinha et al. [109] shows a positive shift along 
the VG for Von as oxygen pressure is increased. The TFT active layer was deposited in an 
Ar ambient. Kwon et al. [71] states that sputtering of oxygen during Ar ion bombardment 
causes a-IGZO to become oxygen deficient near the surface, which can effect carrier 
concentration in two ways (1) induce n-type free carriers near the conduction band and 
(2) increase the In
3+
 content. 
2.5.5.1.  Stress 
 Suresh et al. [110] determined that Von can also be engineered to produce 
enhancement and depletion mode devices by varying the thickness of the channel layer. 
In another report Suresh et al. [111] investigated the stability of IGZO TFTs when 
electrically stressed. The Suresh group observed a positive shift in Von along the VG axis. 
This shift was attributed to the trapping of negative charge carriers in the 
semiconductor/dielectric interface since it was not accompanied by a change in saturation 
mobility or subthreshold swing. Lee et al. [112] tested the stability of the TFT by 
applying a stress voltage to the gate and observed a shift in Von in the positive VG 
direction. These devices were deposited in an Ar environment with oxygen incorporation. 
Suresh et al. [113] shows a shift in the negative VG direction of Von after stressing the 





TFT active layer was deposited in an Ar ambient. Hoshino et al [115] shows a positive 
shift in Von along VG after stressing the gate. 
2.5.5.2.  Photoconduction 
Chuang et al. [116] reports on the effect of photosensitivity of the active layers, 
observing a shift in the negative VG direction of Von as photon wavelength is decreased. 
Jeong et al. [117] reports that a reducing chamber pressure for deposition can improve 
sub-threshold swing and mobility. Kim et al. [118] investigated photoconduction and 
found that Von shifts in the negative VG direction as photon wavelength is increased. 
2.5.5.3.  Aging 
Lim et al. [119] observed the effect of aging on the performance of the TFTs. 
They noted a slight migration by 150 mV in the positive VG direction of VT after 500 h 
aging time, and a change of only ±1.5%  for the same time period in another report [120].  
2.5.5.4.  Deposition/Annealing Temperatures 
Moon et al. [121] illustrates the dual effects of substrate temperature and 
annealing temperature. Here it was determined that both cause a negative shift along the 
VG axis for VT. In addition, heated depositions have essentially the same influence on as-
deposited devices as low temperature annealing (100˚C) on  RT deposited samples. 
Further, high temperature annealing (400˚C) causes extreme negative VT shifts in devices 
with channel layers produced under heated deposition conditions. Jeon et al. [122] shows 





2.5.6.  GSZO 
The emergence of GSZO’s implementation as a channel layer arose from the 
necessity to find a replacement for In
3+ 
within IGZO. Upon investigation characteristics 
of GSZO TFTs were found comparable to that of IGZO devices, showing Sn
4+
 to be a 
suitable replacement [13, 15, 18]. Table 2.1 high lights the transistor characteristics 
achieved when using GSZO active layers.  
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Fortunato et al. [13] report on the effects of both deposition and annealing temperature on 
electrical performance of TFTs and found devices annealed at 300˚C demonstrated a 
drastic improvement. Further, devices subjected to heated deposition illustrated better 
electric characteristics than that of comparable room temperature produced TFTs. Ogo et 
al. [15] also investigated the effect of annealing and related annealing temperature not 
only to electrical characteristics, but also the optical absorption spectra. Here electrical 
characteristics dependence on annealing is in agreement with the findings of the 
Fortunato [13] group, stating that increased annealing temperatures improve TFT 





annealing temperature increases. Continuing the GSZO TFT characterization Jeong et al. 
[18] reports the effect of gate bias stress on VT stability. It was found that increased stress 
voltage results in an increased change in VT, with the maximum ΔVT of 3 V occurring at 
the largest stress voltage of 40 V.  
2.6  Oxygen Absorption/Desorption 
 Oxidation physically means that oxygen attracts electrons, for instance from the 
surface of the solid. It remains then tightly bound as a charged ion at the surface. The 
bound electron is then no longer “free” for the solid and the resulting oxygen species can 






 as shown in Equation 2-10. As a result of 
charge transfer, a depletion layer is formed beneath the films surface, creating an active 
backchannel [123]. The VT of devices as a result is dependent on absorption on this O2 
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According to the photoelectric effect, first observed in 1887 by Heinrich Hertz, 
monochromatic light can be used to liberate electrons from the surface of a solid [75]. 
Application of the effect allows for use of optical techniques to identify defects and 
characterize materials. Photoexcitation, as discussed in this work relates to the excitation 
of electron from trap states within the channel / dielectric interface. The concept behind 
this is that the photoexcitation causes the trapped charge carriers in the gap states 
between CBM – ε and CBM to be released into the CB. 
2.8 XPS Studies on ZnO Based Alloys 
In the literature [18, 87, 124-126] the typical O1s peak is fit by three nearly 
Gaussian curves center approximately at 529.8, 531.3, and 532.4 eV. The high binding 
energy component is usually attributed to the presence of loosely bound oxygen on the 
surface of the film resultant from chemisorbed oxygen impurities. The medium energy 
peak is associated with oxygen ions in oxygen deficient regions with in the film. Lastly, 
the low binding energy peak is attributed to oxygen ions bonded to the cations within the 
material. 
2.8.1. ZnO 
Ogata et al. [127] demonstrates the effects of prolonged exposure to air on the O 
1s peak of ZnO films. They show that films exposed to air longer than 3 months possess 
an increased O-H peak in the O 1s spectra. The dependence of the shape of the O 1s peak 





it was found that the peak attributed to oxygen deficiencies in the structure decreased 
with increased oxygen.  
2.8.2. SZO 
The observation of the deconvoluted O 1s peak by Oh et al. [129] showed the presence of 
both oxygen atoms in the vicinity of an oxygen vacancy at the lower binding energy and 
M-OH species at the higher. Dissimilar to the Oh et al., Jain et al. [130] fit the O 1s peak 
with three Gaussian components. They observed a decrease in peaks attributed to lattice 
and free hydroxyl group oxygen, and an increase in oxygen deficient peak with 
annealing. In addition they contributed the presence of SnO to lattice oxygen deficiency.  
2.8.3. IGZO 
Shin et al. [68] found that the concentration of Ga increases, In decreases and Zn 
remains constant with increasing oxygen content. This finding was reiterated by Cho et 
al. [131], but adversely Zn was observed to decrease  as oxygen was increased. It was 
found  [122, 132] that the relative concentration of oxygen vacancies (identified in the 
O1s peak) in the film to increase with annealing temperature. Kim et al. [133] found the 
ratio of Ga/Zn to be inversely proportional to ratio of oxygen vacancies to oxygen ion 
bond with Zn, Ga and In ions. With the continued increase of Ga, they found the film to 
become semi-insulating. Yao et al. [126] observed an increase in threshold voltage and 
subthreshold swing with increased oxygen content. Cho et al.[131] showed Zn to 
decrease with increased annealing temperature while Ga increases. Chen et al.[134] 
observed that with the increase in oxygen content of the sputtering gas mixture, the 





and metal bound oxygen decreases. This result indicates that the oxygen ions are not 
completely reoxidized during deposition, and that these ions become weakly bound 
oxygen species on the film’s surface. Chen et al.[135] shows an increase in Ga 
concentration. Trinh et al.[125] describes a reduction in oxygen vacancies with annealing, 
due to surface compensation with O atoms.  
2.8.4. GSZO 
Fortunato et al. [13] found a surface enrichment of Ga and Sn with annealing 
temperature. Kim et al. [20]found no chemical shift resulting from the chemical state 
variation due to the addition of O2 gas, but did observe the peaks to shift to a slightly 






FABRICATION AND CHARACTERIZATION TECHNIQUES 
3.1  Oxidation 
Prior to film deposition a silicon dioxide layer was grown onto the Si wafers as an 
insulting barrier (dielectric). This growth process (oxidation) is performed within a 
furnace by heating the silicon wafers to a high temperature (900 to 1200 °C) in the 
presence of pure oxygen. Silicon dioxide is formed through a chemical reaction occurring 
at the silicon surface (Equation 3-1). For dry oxidation the reaction is identified as  
   (     )      (     )        (     )    3-1 
The silicon surface is consumed as the oxide grows; resulting in the final oxide layer 
being approximately 54% above the original surface of the silicon and 46% below the 
original surface, see Figure 3.1.  
 
Figure 3.1. Formation of Silicon dioxide on the surface of a silicon wafer. 
3.2 Film Deposition 
3.2.1. RF Magnetron Sputtering Overview 
Sputtering, a type of physical vapor deposition, proceeds according to the following 
steps: 1) the material to be deposited is physically converted to vapor phase, 2) the vapor 





condense to form a thin solid film on the substrate [136]. The rf sputtering process is 
performed within a chamber that is placed under vacuum then re-filled with a gas at low 
pressure of the order of  1 – 10 mTorr. Within the chamber there are two electrodes 
driven by an rf power source, which ionizes the gas between the electrodes, thereby 
generating the plasma [137] [138] . Argon is generally the processing gas of choice for 
plasma generation due its non-reactivity with the elements frequently sputtered, ease of 
availability, and mass (allowing for good sputtering yields) [136]. The plasma is 
sustained by the ionization caused by secondary electrons emitted from the cathode due 
to ion bombardment which are accelerated into the plasma. A DC potential is used drive 
the ions towards the surface of one of the electrodes (named the target) causing atoms to 
be knocked off the target and condense on the substrate surface [139]. A strong magnetic 
field is applied to contain the plasma near the surface of the target to increase the 
deposition rate [138]. Rf sputtering is ideal for the production of high quality films 
without heating the substrate due to the additional energy delivered from the plasma to 
the growing film [4]. 
3.2.2.  Channel Layer Deposition (RF Magnetron Sputtering Specifics) 
GSZO for both film characterization and TFT production were deposited by rf 
magnetron sputter deposition. The deposition process was performed in the Edwards 
ESM 100 sputtering tool [140, 141], using the sputter up configuration. Prior to film 
deposition, pre-sputtering was performed at a RF power of 60 W for 10 minutes to 
remove oxide build-up from the target’s surface. A GSZO layer approximately 30 nm 





from the substrate. The target was composed of 88 wt. % ZnO, 7 wt. % SnO2, and 5 wt. 
% Ga2O3.  The target’s elemental atomic concentration was calculated to be 51.5 , 44.4 , 
2.2, 1.9 % O, Zn, Ga, and Sn, respectively. Depositions were carried out using a rf 
powers of 120 W and 45 W, and processing pressure (Ar + O2) of 5 mTorr. Depositions 
performed utilized various O2 flow rates ranging from 0 to 10 sccm. Deposition 
temperatures were room temperature (RT) and an elevated temperature (ET) of 150 ˚C.  
A radiant heater was used to heat the sputtering chamber for ET depositions. Films for 
XPS, and TFT production were deposited on thermally grown SiO2 coated Si substrates, 
where films for transmission and XRD measurements were deposited on 7059 glass. SiO2 
was grown to an approximate thickness of 125 nm.  
3.3  Thickness Measurements 
A thickness measurement of both silicon dioxide (prior to film deposition) and 
GSZO was conducted using ellipsometry. This contactless optical technique measures the 
change in polarization state of light reflected from a surface. The polarization change is 
dependent upon the optical constants of the substrate, the angle of incidence of the light, 
the optical constants of the film, and the film thickness. If the optical constants of the 
substrate are known and if the film is non-absorptive at the wavelength being used, the 
state of polarization of the reflected beam depends only the index of refraction and the 
thickness of the film.  
The Rudolph Research Auto EL II model ellipsometer used to conduct 





wavelength of 632.8 nm was used to penetrate the GSZO films and reflected to a sensor 
for analysis. 
 
Figure 3.2. Rudolph Research Auto EL II model ellipsometer. 
3.4  Post Deposition Annealing 
Post deposition annealing of the sputtered channel material was performed to 
optimize film perform. Annealing was performed in an in-house built single zone 
annealing furnace (Figure 3.3), which consists of a Au coated quartz tube, sample boat 
(for sample loading), and k type thermocouples (for temperature monitoring). Annealing 
ambient, duration and temperature were varied. Ambients included rough vacuum, air, 
and N2. Durations ranged from no annealing to 4 hours. Annealing temperatures 







Figure 3.3. Annealing Furnace. 
 
3.5  Transistor Production 
Bottom gate TFTs with GSZO active layers were fabricated on SiO2 coated Si 
substrates. The TFT fabrication process consisted of photolithography, plasma cleaning, 
source and drain metallization, lift-off, and gate placement. 
3.5.1.  Photolithography  
 The photolithography step was initially a one mask process that utilized a blanket 
layer of GSZO, this later matured to a two mask process that isolated the GSZO channel 
layer for TFT optimization. The one mask process consisted of defining the source and 
drain regions of the TFT. Mask 1 is pictured in Figure 3.4. After the deposition of the 
GSZO film the patterning process for the source and drain is performed. This is done by 
spin coating hexamethyldisilazane (HMDS) to promote adhesion of the photoresist (PR).  
The sample is then hard baked on a hot plate for 1 minute at 90 ˚C. After baking negative 
photoresist, NFR-016D2, is spin coated on top of the HMDS, and the sample is hard 





masked and exposed to ultra violet (UV) light to apply the pattern for the channel 
material. The use of negative PR allows the unmasked areas of PR become more robust, 
where the unmasked areas are dissolvable in the PR developer. Following exposure the 
sample is placed on the hot plate for a 90 second post-exposure baking (PEB) to set the 
pattern. After which the sample is placed in the PR developer where the pattern is 
developed meaning the PR on the masked region is removed. An example of the pattern 
development differences between negative and positive resist is shown Figure 3.5. 
 
Figure 3.4. Mask 1 Design Layout. 
The two mask photolithography process utilizes mask 2. The processing steps 





procedures of the one mask process. First, the channel material must be isolated for the 
individual devices. HMDS is spin coated onto the sample for PR adhesion promotion.  
The sample is then hard baked on a hot plate for 1 minute at 90 ˚C. After baking positive 
photoresist, Microposit s1818, is spin coated on top of the HMDS, and the sample is hard 
baked again for 1 minute. The sample is then placed in the mask aligner and exposed to 
UV light to pattern the channel material. The masked areas of PR become more robust, 
where the unmasked areas are soluble in the PR developer, therefore when the pattern is 
developed the photoresist on the unmasked region is removed. At this point the unwanted 
regions of GSZO are unshielded by PR. The sample is placed in a 0.1:1 solution of 





hydrochloric acid and deionized (DI) water, respectively for 1 minute. This removes the 
unwanted GSZO and creates isolated regions of GSZO on the substrate. The PR 
remaining is then removed by placing the sample successively in acetone and propanol 
for 1 minute each. Once removed from propanol the sample is rinsed in DI water, blown 
dry using nitrogen gas and dehydration baked for 30 seconds.  The source and drain 
patterning process flow is similar to the process mentioned above for the one mask. They 
differ only in the mask aligner step where here the source and drain pattern must be 
aligned to ensure placement atop the channel material, in that the PR used, NFR-016D2, 
is negative, the exposure is followed by a PEB prior to developing, and timing of certain 
steps. The differing/ new timings are as follows, 2 min for the hard baking performed 












Figure 3.7.  Schematic of TFT processing steps. 
 
3.5.2.  Plasma Cleaning 
 Plasma cleaning is conducted after photolithography to remove remaining 
organics and solvents left in the regions defined for source and drain metal deposition. 
Cleaning is performed using the South Bay Technology PE-150 plasma etcher. The 
sample undergoes O2 plasma etching for 5 min. Etching was performed using a working 
pressure of 5 mTorr and a RF power of 149 W. 
3.5.3.  Metalization and Lift-off 
An Airco Temescal e-beam evaporator was used to deposit Ti/Au source and 
drain contact metals.  The Ti/Au was deposited to thicknesses of 20 and 100 nm 
respectively. Following deposition, the source and drain contacts and thereby the channel 





3.5.4.  Gate Placement 
The Si substrate was used as a common gate with a silver paint contact pad. The 
gate contact was formed by scribing down through the SiO2 dielectric layer to reach the 
Si. Once the Si was visible a small dab of silver paint was applied to that area and 
allowed to air dry. 
3.6  Film Characterization 
Various measurement techniques were employed to determine the properties of 
the channel materials. The Varian Cary UV-VIS-NIR 6000i spectrophotometer was used 
to conduct transmission measurements. Transmission data relayed the transparency of the 
films, and the data extracted from the measurements gives information on the optical 
band gap material. 
3.6.1.  XRD 
XRD measurements were performed using the Bruker D8 Discover XRD System, 
to verify the amorphous nature of the film. XRD is a non-destructive technique for 
determining a film’s structural information. X-rays are incident on the sample at XRD an 
angle α. The primary beam is absorbed by or transmitted through the sample; only the 
diffracted beam is recorded on the film. The diffracted beam emerges at twice the Bragg 
angle θ (Equation 3-2) 
         (
 
  
),    3-2 
which relates the wavelength of electromagnetic radiation to the diffraction angle and 





converted into a count rate which relays the intensity of the diffracted beam which is 
more intense for dislocations. 
3.6.2. XPS 
Electrons occupy discrete energy levels or states in an atom and can be excited to 
higher energy states through collisions with energetic particles or interaction with 
electromagnetic radiation [142], and upon suitable excitation, produces unique spectral 
radiation. The identification of this emitted spectral radiation can be used to determine 
the presence and concentration of elements in a sample. A technique that exploits this 
phenomenon to determine elemental composition is x-ray photoelectron spectroscopy 
(XPS). XPS, a high energy version of the photoelectric effect is primarily used for 
identifying chemical species at the sample surface [143], where incident x-rays interact 
with core level electrons, causing electron ejection from any orbital with photoemission 
occurring for x-ray energies that exceed the binding energy. XPS measurements were 
carried out by Evans Analytical Group, using the Phi 5701 LSci with a 1486.6 eV x-ray 
Al-Kα source. Samples were not sputtered in an effort to preserve the atomic composition 
of the GSZO surface. As a result a surface oxide was measured along with film 
characteristics. A sample area of 2.0 mm x 0.8 mm was analyzed, and the resulted data 
was charge corrected based on C1s at 284.8 eV. 
3.6.3.  Transmission 
Transmission measurements were conducted using a Varian Cary 5000 





glass substrates. Measurements were conducted in the visible range (200 nm – 800 nm). 
A bare glass substrate was used as a reference. 
3.7  Transistor Characterization 
Electrical characteristics of the TFT were analyzed with respect to VT, Ion/off, ID, 
SS, and in some instances Ioff using a Keithley 4200-Semiconductor Characterization 
System and SemiProbe LA-150 probe station. VT was determined from the extrapolation 
of the √ID vs. VGS data through the VGS-axis at ID= 0 A. SS was determined from the 
linear portion of the transfer graph by calculating the change in gate voltage per decade 
of drain current. Output and transfer characteristics were measured in air and in the dark, 
except for photoexcitation tests which were illuminated by a laser light.  
3.7.1.  Gate Stressed Stability Tests 
Device stability under electrical stress was investigated by applying a voltage to 
the gate of the TFT for a pre-determined amount of time of up to 10
6
 sec, and then 
measuring the transfer characteristics at the end of each stress period. TFTs were stressed 
to produce both low and high electric fields that correspond to applied gate voltages of 
1.2 and 12 V, respectively. Transfer characteristics measured during stress tests had a 
drain voltage (VD) of 0.1 V.  
3.7.2.  Photoexcitation  
To determine the change in trap density and the trapping mechanisms within the 
films of different deposition processes, photoelectron spectroscopy was performed. The 
effects were observed through transfer characteristics of photoexcited TFTs. A laser of 





the TFT to excite trapped carriers. Transfer measurements were taken while the TFT was 
in the dark and re-measured under photoexcitation. To ensure the effects of 
photoexcitation were observed, VD was maintained at a low voltage of 1 V.  
 








4.1  Film Characterization Results 
4.1.1.  XRD Results 
XRD measurements were performed on samples of various deposition and 
annealing temperatures. An amorphous like behavior is illustrated for all samples despite 
ET deposition and increased annealing temperatures as shown in the diffractograms of 
Figure 4.1. The diffraction peak shown at 33° is attributed  toSi (200).  
 
Figure 4.1. XRD diffractograms of GSZO films with various deposition and 
annealing temperatures. 
4.1.2.  XPS Results 
XPS analysis was employed to observe the effects of deposition conditions on the 
surface composition. Chemical state assignments for a given element were made based 
on reference data from the literature. The species identified were of various 










, hydrocarbons, C-O and O-









respectively) does not allow the unequivocal determination of oxidation state. However, 




 is not commonly observed in the 
system. Finally, the levels of organics observed were deemed typical of air-exposed 
inorganic materials. The lack of Sn, Ga, and Zn on the surface indicates an oxide layer of 
at least 3-5 nm for each sample. The atomic concentration data shown in Table 4.1 was 
normalized after removing the C contributions. Sample names are designated to easily 
identify samples in reference to their deposition condition, and are formatted as follows 
(deposition temperature - oxygen flow - annealing temperature). Table 4.2 summarizes 
the Zn charge corrected peak positions and widths, and Table 4.3 that of both Sn and Ga . 
Included in the table is the position of the main Zn Auger line, which was used to aid in 
assigning the oxidation state of zinc. Zn Auger parameter is a measure of the kinetic 
energy from the Auger peak plus the binding energy of the photoelectron. This is 
constant throughout all the samples which indicates that the shift in surface charge is 
minimal. Further, the full width at half maximum (FWHM) of the samples show no 
significant variation, suggesting the local atomic arrangement remains the same. The 
general peak shape of the metals identified are shown in Figure 4.2. The shape of the 










Table 4.1.  Normalized elemental at. % concentration on the surface 
Sample O at. % Cl at. % Zn at. % Ga at. % Sn at. % 
RT-2-0 54.3 0.6 41.2 1.6 2.2 
RT-2-150 55.0 1.3 39.9 1.4 2.4 
RT-2-250 53.3 0.9 41.7 1.5 2.5 
RT-2-350 56.9 1.2 37.1 2.0 2.9 
ET-2-0 50.7 0.6 44.5 1.8 2.4 
ET-2-150 53.7 0.8 41.8 1.5 2.3 
ET-2-250 52.3 0.9 42.7 2.0 2.3 
ET-2-350 52.6 1.1 41.4 2.2 2.7 
RT-0-250 53.4 1.2 40.8 1.9 2.8 
RT-10-250 51.9 1.4 42.7 1.7 2.3 
 
Table 4.2. Zn peak positions and full-width-at-half-maximum (FWHM) 






(eV) BE (eV) 
RT-2-0 1021.8 1.9 498.6 2009.9 
RT-2-150 1021.7 1.9 498.4 2010.0 
RT-2-250 1021.8 1.9 498.4 2010.1 
RT-2-350 1021.8 2.0 498.4 2010.0 
ET-2-0 1021.8 1.9 498.5 2010.0 
ET-2-150 1021.8 1.9 498.5 2010.1 
ET-2-250 1021.8 1.9 498.4 2010.1 
ET-2-350 1021.8 2.0 498.4 2010.2 
RT-0-250 1021.8 1.9 498.3 2010.2 
RT-10-250 1021.8 2.0 498.4 2010.2 
Avg. 1021.8 2.0 498.4 2010.1 







Table 4.3. Sn & Ga peak positions and full-width-at-half-maximum (FWHM) 










RT-2-0 486.5 1.6 1117.8 1.6 
RT-2-150 486.5 1.6 1117.6 1.9 
RT-2-250 486.5 1.6 1118.0 1.8 
RT-2-350 486.6 1.6 1117.9 1.9 
ET-2-0 486.4 1.6 1117.8 1.8 
ET-2-150 486.5 1.6 1118.0 1.7 
ET-2-250 486.5 1.6 1118.0 1.9 
ET-2-350 486.5 1.6 1118.0 1.9 
RT-0-250 486.4 1.6 1117.9 1.8 
RT-10-250 486.5 1.6 1117.9 1.9 
Avg. 486.5 1.6 1117.9 1.8 
St. Dev. 0.04 0.02 0.11 0.10 
 
 
Figure 4.2. The (a) Zn 2p3/2, (b) Sn 3d5/2, Sn 3d3/2, &  Zn LMM, and (c) Ga 2p3/2 
typical XPS spectra of measure GSZO films. 






Figure 4.3. O1s peaks for RT and ET films with various annealing temperatures. 
 The O 1s peaks shown in Figure 4.3 demonstrate the influence of deposition 
temperature and  post-deposition annealing, on the shape and intensity of the two 
contributing peaks. The peak at the lower energy will be referred to as OI(x), and the 
higher energy peak will be OII(x), where (x) is the deposition temperature, RT or ET. The 
variation in concentration of the O1s sub-peaks is quantified in Table 4.4. The OI peak is 
attributed to the O
2-
 ions combined with Zn, Ga, and Sn ions and oxygen vacancies 
present in the GSZO system. The OII peak is assigned to weakly bound oxygen species on 





The presence of  the chemisorbed M-OH species (OII contributers) on the surface 
suggests that metal ions are not effectively converted to metal oxides [146]. 
 In Figure 4.3RT and ET  peaks were analyzed comparatively. Figure 4.3a shows 
a slightly higher peak for OI(ET). Upon annealing at 150 °C (Figure 4.3b) OI(RT) and OII(ET) 
demonstrates the highest peaks. Figure 4.3c shows a higher OI(ET) peak than that of  OI(RT) 
and similar RT & ET OII peaks. Lastly, Figure 4.3d shows similar peaks for both RT and 
ET. The deconvoluted O 1s peaks of films with varied oxygen partial pressure are shown 
in Figure 4.4. Figure 4.4a shows a decrease in OI peak height with increased oxygen 
partial pressure, and Figure 4.4b shows a slight increase OII peak. 
Table 4.4. O 1s fitted peak concentrations and binding energy 
  Relative % Binding Energy (eV) 
Sample OI OII OI OII 
RT-2-0 26.7 73.3 530.1 531.8 
RT-2-150 35.82 64.18 530.1 531.8 
RT-2-250 39.28 60.72 530.1 531.8 
RT-2-350 41.88 58.12 530.2 531.8 
ET-2-0 30.95 69.05 530.1 531.8 
ET-2-150 30.48 69.52 530.2 531.9 
ET-2-250 41.86 58.14 530.1 531.7 
ET-2-350 37.62 62.38 530.1 531.8 
RT-0-250 42.45 57.55 530.2 531.8 






Figure 4.4. Gaussian fit of (a) OI and (b) OII contributors to the O2 flow dependent 
O1s peak. 
Figure 4.5 shows the influence of oxygen flow on the atomic concentration. From 
the figure there is a straight forward decrease in Sn and O at. %, and an increase in Zn 
with increased O2 flow. Ga at % shown in Figure 4.5b demonstrates a decrease in 
concentration at 2 sccm followed by an increase at 10 sccm. Figure 4.6 shows the effect 
of annealing temperature on at. % of the elements in the film. The relationship between O 
at. % and annealing temperature shows no clear trend. Sn demonstrates an increase in at. 
% with annealing temperature. The RT and ET concentrations of Zn demonstrate similar 
behavior with annealing. For both RT and ET with annealing, there is an initial decrease 













Figure 4.6. Influence of annealing temperature on the atomic concentration of RT & 
ET films.  
The investigation into the effect of deposition temperature, oxygen flow, and 
annealing lead to an in-depth comparison of elemental relations. The results of these 
comparisons are reported below. Zn was shown (Figure 4.7) to have an inverse 
relationship to the concentration of oxygen. As a result, the possibility of Zn vacancies 
was explored by observing the dependence of the OII peak on the deconvoluted carbon 
peaks (carbon peaks not shown). Figure 4.8 shows a proportional dependence on carbon. 
In addition, the Zn concentration is the highest for ET samples, followed by the O2 flow 





The atomic concentration of both Sn and Ga with respect to Zn was shown to 
increase with annealing temperature for RT deposited films shown in Figure 4.9. In 
addition, there is a separation of the RT and ET Sn/Zn  ratio, where the Ga/Zn ratio 
showed separation for RT and ET only for 250 °C.  
 
 






Figure 4.8. OII versus C1+C2 
 
Figure 4.9. Influence of annealing temperature on the atomic concentration of Sn 
and Ga. 
4.1.3. Transmission Results 
Figure 4.10 shows the transmission spectrum of the 250 °C 1 hour annealed film. 






















Lambert law was used to extract absorption (α) values from the transmittance data. The 
absorption edge  was extracted from the α
2 
versus photon energy plot (Figure 4.11), by 
extrapolating from the linear region onto the photon energy axis. The absorption edge of 
GSZO is observed to be approximately 3.05 eV.  
 
Figure 4.10.  Transmission of RT 250 ˚C annealed sample. 
 
 





4.2 Transistor Performance  
4.2.1.  Blanket GSZO 
4.2.1.1.  Effect of Oxygen Flow 
The effect of oxygen incorporation was initially investigated on samples that 
utilized a blanket channel layer of GSZO. The electrical characteristics of these samples 
are illustrated in Figure 4.12 and Figure 4.13 for 2 sccm and 4 sccm O2 flow respectively. 
Though the electrical characteristics of the 4 sccm sample are not optimal, it performs 





). Both the devices possess a high Ioff resulting in poor Ion/off . The TFTs 
demonstrate high SS values (> 10 V/decade) and high gate current (> 1x10
-7
 A).  
 
 








Figure 4.13. Blanket channel layer TFT electrical characteristics with 4 sccm oxygen 
flow. 
4.2.1.2.  Effect of Vacuum Annealing 
The devices characterized in Figure 4.14 and Figure 4.15 have a W/L ratio of 5:1 
with channel dimensions of W:100/L:20 and W:50/L:10 respectively. The sample 
annealed in air appears to be less conductive than that annealed in vacuum, where degree 
of conductivity is deduced from observing the saturation curves, calculated VT, and 
achieved ID at VG= 30 V. The output curve of Figure 4.15a demonstrates a metallic 
behavior, with no sign of saturation. 
 
 
Figure 4.14. Blanket channel layer TFT electrical characteristics with film annealed 








Figure 4.15. Blanket channel layer TFT electrical characteristics with film annealed 
1 hour in vacuum. 
4.2.1.3.  Effect of annealing temperature  
Devices for Figure 4.16 have channel width of 100 µm and a length of 10 µm. 
The channel layers for these TFTs and all the TFTs presented further were deposited with 
a rf power of 45 W. Transfer characteristics show increased film conductivity upon 
annealing at 450 °C, where the device operates in depletion mode (VT < 0 V) and there is 
an increase in Ioff greater than one order of magnitude. The specifics of the device 
performance are shown in Table 4.5.  
 
 
Figure 4.16. Transfer characteristic for TFTs with a) 250 °C annealing 4 hours, b) 































4.2.2.  Channel layer isolation 
As mentioned in the experimental section, the GSZO layer was converted from a 
blanket layer to insolated areas of GSZO that lie beneath the source and drain contacts. 
This was done to reduce the gate leakage observed when testing the blanket layer 
transistors. The benefits of isolated channel regions are illustrated when observing the 
gate leakage current of Figure 4.17 compared to that of the previous TFTs shown in 
Figure 4.12 through Figure 4.16. In addition, the transfer curves of the isolated devices 
have a reduced Ioff value which results in an improved Ion/off.  Due to these drastic 
improvements in device performance, all following device production procedures include 
channel layer isolation. Therefore, devices reported  in the remainder of this work possess 
isolated channels unless otherwise mentioned.  
4.2.2.1. Deposition temperature and annealing temperature/duration 
Once the gate current was improved, the impact of deposition parameters on 
device performance was investigated. The influence of deposition temperature and 
annealing parameters were examined. The output and transfer characteristics of the 
devices tested during this examination are shown in Figure 4.17 - Figure 4.23. Varied 





annealing, where RT devices operated in enhancement mode and ET devices in depletion 
mode. Conversely, the effect of deposition temperature on TFTs with 450 °C shows a 
positive shift in VT, with both devices operating in depletion mode. The effect of 
deposition is shown comparatively in Figure 4.24. The characteristic values are shown in 
Table 4.6 for RT TFTs and Table 4.7 for that of ET.  
 
Figure 4.17. RT 250 °C 15 minute isolated channel TFT a) output and b) transfer                                                                                                                                                                                          
characteristics. 
 










Figure 4.19. RT 250 °C 1 hour isolated channel TFT a) output and b) transfer 
characteristics. 
 
Figure 4.20. ET 250 °C 1 hour isolated channel TFT a) output and b) transfer 
characteristics. 
 













Figure 4.22. ET 450 °C 15 minute isolated channel TFT a) output and b) transfer 
characteristics. 
 
Figure 4.23. ET 450 °C 1 hour isolated channel TFT a) output and b) transfer 
characteristics. 
Comparison of the transfer graphs shown in Figure 4.17b and  Figure 4.18b to 
Figure 4.21b and Figure 4.22b respectively, highlights that deposition temperature is 
efficient in dampening the effect of higher annealing temperatures. This is clearly 
illustrated when observing the transfer curves of the devices with the same annealing 
conditions and differing deposition temperatures. The off region of all devices involved 
in this comparison can be viewed within VGS testing range except that of the RT 450 °C, 









of ET. Figure 4.25 shows that an increase in the temperature and duration of annealing 
both result in a negative shift of the transfer curve along the VGS axis. This negative shift 
is observed for both RT (Figure 4.25a) and ET (Figure 4.25b) devices.  
 
Figure 4.24. Channel deposition temperature comparison a) 250 °C 15 minute, b) 
250 °C 1 hour, and c) 450 °C 15 minute. 
Table 4.6. Comparison of annealing temperature effects on RT TFT performance 
RT Deposited ID (A) VT (V) 
SS 
(V/decade) 
Ion/off Ioff (A) 









250 °C 1 hour 4.94x10
-7

















Table 4.7. Comparison of annealing temperature effects on ET TFT performance 
ET Deposited ID (A) VT (V) SS (V/decade) Ion/off Ioff (A) 









250 °C 1 hour 6.39x10
-7






























Figure 4.25. Channel annealing condition comparison a) RT and b) ET. 
4.2.2.2. Annealing ambient 
As a continuation of the investigation of annealing effects, annealing ambient was 
explored. Comparison of device performance when annealed in air (Figure 4.19) versus 
nitrogen (Figure 4.26) shows a lower VT, SS, and Ioff for the air annealed TFT. The 
characteristic values are shown in Table 4.8.  The output characteristics of the nitrogen 
TFT shows stronger saturation than that of the air annealed device. The transfer curve 
comparison is shown in Figure 4.27. 
 










Figure 4.27. Effect of annealing ambient on TFT characteristics. 
Table 4.8. Comparison of annealing ambient effects on TFT performance 
Annealing 
Ambient 
ID(max) (A) VT (V) SS 
(V/decade) 
Ion/off Ioff (A) 
Air 4.94x10
-7













4.2.2.3. Oxygen incorporation 
The effect of oxygen on TFT performance was revisited using TFTs with isolated 
channels layers. During this investigation TFTs were produced with 4 and 7 sccm oxygen 
flow. The electrical performance of these devices is shown in Figure 4.28 and Figure 4.29 
respectively, shown numerically in Table 4.9.  The transfer curves of the previously 
examined 2 sccm device and recently explored 4 sccm & 7 sccm TFTs are shown 
comparatively in Figure 4.30. Here it was observed that there is a negative shift in the Von 







Figure 4.28. RT 250 °C 1hr 4 sccm O2 TFT a) output and b) transfer characteristics. 
 
Figure 4.29. RT 250 °C 1hr 7 sccm O2 TFT a) output and b) transfer characteristics. 
 
 













ID (A) VT (V) 
SS 
(V/decade) 
Ion/off Ioff (A) 
2 4.94x10
-7




















4.2.2.4. Si majority carrier type 
Due to silicon being used as the TFTs’ gate metal, the effect of the substrates’ 
majority carrier type was investigated to observe the impact or lack thereof  on the 
characteristics of the device. The output and transfer curves of these devices are shown in 
Figure 4.31 through Figure 4.34. The transfer curves of these TFTs are compared in 
Figure 4.35. VT extracted from transfer data showed no clear trend with varied oxygen 
flow (Table 4.10). RT TFT transfer characteristics indicate an average VT ranging from 
0.5 – 3 V and a ID on the order of 10
-7 
A (Table 4.10) for films deposited with various 
oxygen flows.  The highest ID along with the lowest SS was achieved by devices 
produced with a 10 sccm oxygen flow (Table 4.10). All devices observed in the oxygen 
incorporation studies consistently operated in enhancement mode, except those produced 
with 0.7 sccm oxygen flow. The 0.7 sccm group of TFTs consisted of both enhancement 







Figure 4.31. RT 250 °C 1hr 0 sccm O2 TFT with n
+




Figure 4.32. RT 250 °C 1hr 0.7 sccm O2 TFT with n
+




Figure 4.33. RT 250 °C 1hr 2 sccm O2 TFT with n
+













Figure 4.34. RT 250 °C 1hr 10 sccm O2 TFT with n
+




Figure 4.35. Transfer characteristics of RT 250 °C 1hr TFTs with various O2 flows 
on n
+
 Si substrate.  




ID (A) VT (V) 
SS 
(V/decade) 
Ion/off Ioff (A) 
0 1.41x10
-7































4.2.2.5. Deposition and annealing temperature 
After optimization of the production process, the influence of deposition 
temperature and annealing temperature were revisited. During this experiment RT as-
deposited devices (not shown) were nonfunctional. Figure 4.36 through Figure 4.38 
shows the output and transfer characteristics of the RT deposited devices with annealing 
temperatures of 150, 250, and 350 °C respectively. The RT 150 °C annealed device was 
operable though not optimally, but with continued annealing the performance of RT 
TFTs improved. An increase in ID of 3 orders of magnitude was achieved for RT devices 
when annealing temperature was increased from 150 ˚C to 350 ˚C. The ID for all annealed 
ET TFTs was of the order of 10
-6
 A, illustrating that annealing temperatures of up to 350 
°C have no effect on ID. The output and transfer characteristics of the ET deposited 
devices with no annealing and annealing temperatures of 150, 250, and 350 °C 
respectively are shown in Figure 4.39 through Figure 4.42. There was an increase in Ion/off 
by an order of magnitude for every 100˚C increase in annealing temperature for RT 
devices, whereas ET devices remained relatively constant. The VT of RT TFTs showed a 
shift in the negative direction as annealing temperature is increased. This shift results in a 
change in operation mode of the devices from enhancement to depletion. Conversely, for 
ET TFTs a trend of devices changing from depletion to enhancement mode was observed 
for ET TFTs. The negative shift in RT TFTs’ characteristics is clearly evident in the shift 
observed in the corresponding transfer curves of Figure 4.43a.  The shift in ET TFTs’ 







Figure 4.36. RT 150 °C 1hr 2 sccm O2 TFT a) output and b) transfer characteristics. 
 
Figure 4.37. RT 250 °C 1hr 2 sccm O2 TFT a) output and b) transfer characteristics. 
 
 












Figure 4.39. ET as-dep 2 sccm O2 TFT a) output and b) transfer characteristics. 
 
 
Figure 4.40. ET 150 °C 2 sccm O2 TFT a) output and b) transfer characteristics. 
 
 












Figure 4.42. ET 350 °C 2 sccm O2 TFT a) output and b) transfer characteristics. 
 
 
Figure 4.43. Effect of annealing temperature with respect to deposition temperature 
a) RT and b) ET. 
Investigation into the influence of deposition temperature shows that devices 
produced at RT with no annealing are inoperable (as mentioned above) as opposed to 
those produced at ET which were functional though not well performing. Figure 4.44 
illustrates the VT and ID characteristics for both RT and ET devices with similar 
annealing. RT and ET are shown to have similar characteristics when annealed at 250 °C. 
Table 4.11and Table 4.12 show the characteristics of RT and ET devices respectively, 










Figure 4.44. Effect of annealing temperature with respect to deposition temperature 
a) VT and b) ID. 




ID (A) VT (V) 
SS 
(V/decade) 
Ion/off Ioff (A) 
150 4.57E-10 9.5 2.5 4.92E+03 9.30E-14 
250 2.05E-07 3 4.5 8.26E+04 2.48E-12 
350 1.43E-06 -4 2 1.39E+06 1.03E-12 
 




ID (A) VT (V) 
SS 
(V/decade) 
Ion/off Ioff (A) 
0 8.44E-09 13 1.5 1.00E+05 6.74E-14 
150 2.21E-06 -2.5 1.75 5.01E+06 4.41E-13 
250 4.26E-07 1 2 1.73E+06 1.63E-13 
350 9.12E-07 1.5 1.5 2.50E+06 3.65E-13 
 
4.2.2.6. Electrical stability 
Device stability was investigated for both high and low electric field conditions 
with various oxygen incorporations. The VT of stressed devices was taken to be the 







minimal positive shift in VT with stress time up to 10
3
 sec. Beyond 10
3
 sec the changes 
become more significant, but VT still remains under 5 V. Devices fabricated with a 2 
sccm oxygen flow yielded the most stable results throughout the stress period (Figure 
4.45).  The low field 0 sccm and 10 sccm devices exhibited similar results, being the 
most change in VT and ID occurred at 10
3
 sec. Under the influence of high field 0 sccm 
illustrates the most change in characteristics, with the onset of the VT variation beginning 
during the first stress period. The transfer characteristics of the stressed devices are 







































































Figure 4.45. Effect of stress on VT 
 
 







Figure 4.47. HF stress transfer. 
4.2.2.7. Photoexcitation 
Devices were subjected to photoexcitation to gain insight into the nature of the trapping 
mechanisms within the film. Excitation energy with respect to O2 flow shows a negative 
shift in VT as excitation energy and O2 flow is increased. TFTs with an oxygen flow of 10 
sccm exhibited the least change in transistor performance with change in photoexcitation 
energy, shown in Figure 4.48a. The characteristics extracted from the transfer curve are 
significantly changed when there is no oxygen flow during deposition, as seen in  Table 
4.13 for red laser excitation and Table 4.14 for green. The Dit  was calculated using 
Equation 4-1. Comparison of Dit values show a reduction of interface traps with 
increasing oxygen flow. The mobility of devices with various oxygen flows was 
calculated, and is  shown in Table 4.15. Mobility is shown to increase with oxygen 
incorporation. 
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Figure 4.48. The of photoexcitation with respect to oxygen incorporation. 




















Figure 4.49. Change in VT due to photoexcitation with respect to 0 sccm oxygen 
flow. 
Table 4.13. Comparison of the effects of oxygen flow on TFT performance when 


















2 -1 0 -298 1.015E+12 
10 -3.5 0.25 71.9 6.621E+11 
 
 





Table 4.14. Comparison of the effects of oxygen flow on TFT performance when 




















2 -4 3.75 1999 6.248E+11 
10 -6 0.25 -41.2 3.675E+11 
 
Table 4.15. Mobility based on oxygen flow  











When observing the influence of deposition temperature on trap states, ET TFTs 
(Figure 4.50a) show a greater change in SS and Ioff than that of the RT device with 
increasing excitation energy. The SS value of ET becomes immeasurable with increased 
photoexcitation, and there is a 40 V change in VT under the green laser, see Table 4.16 
(red laser) and Table 4.17 (green laser). 
 
 
Figure 4.50. The of photoexcitation with respect to deposition temperature. 
 






Table 4.16. Comparison of the effects of deposition temperature on TFT 







27 (RT) -1 0 -298 
150 (ET) -14 Not measurable Not measurable 
 
Table 4.17. Comparison of the effects of deposition temperature on TFT 







27 (RT) -4 3.75 2.00E+03 
150 (ET) -40 Not measurable Not measurable 
 
A similar behavior is also observed with annealing temperature, where the higher 
temperature invokes greater change in the characteristics with increased excitation energy 
(Figure 4.51a). For 350 °C annealing, characteristics for the red laser were invariant from 
that of the non-excited measurements, see Table 4.18. Under green laser excitation the 
350 °C annealed device demonstrated a larger shift in VT as well as the SS value being 
larger than that of 250 °C, see Table 4.19.  
 
 
Figure 4.51. The of photoexcitation with respect to annealing temperature. 
 






Table 4.18. Comparison of the effects of annealing temperature on TFT 







250 -1 0 -298 
350 0 0.25 -2.3 
 
Table 4.19. Comparison of the effects of annealing temperature on TFT 






















Deposition and post-deposition parameters are significantly influential in 
optimizing the characteristics of GSZO films and their resulting devices. The amount of 
oxygen incorporated during deposition has been shown to decrease transparency, alter 
film composition, and vary TFT performance.  The variation in the concentration of OI is 
correlated to a change in oxygen vacancies, and the discussion is thereby based on this. 
5.1 Oxygen flow 
As previously mentioned, the elemental at. concentrations were slightly varied as 
O2 was increased during deposition. Zn concentrations are shown to increase with 
increased O2 flow as opposed to the O at. % (illustrated in Figure 4.7). The differing 
trends of O2 flow and O at. %   is attributed to both a reduction in surface point defects 
and the chemisorption of O2 molecules onto the films surface. Surface defects are 
reduced with increased O2 during deposition, thereby reducing the dangling bonds 
available to induce chemisorption [145], and hence reducing the concentration of oxygen 
on the surface,  as well as OI/OII ratio (shown in Figure 5.1).  
In addition, Zn vacancies were explored as a result of the observed dependence on 
oxygen. To investigate this, the relationship between OII and the deconvoluted C peaks 
was determined. The OII peaks were shown to be proportional to C and therefore the 
presence of zinc vacancies was excluded as a possibility. Hence, the OII peak is said to be 
















Figure 5.1. Variation in OI/OII with oxygen flow introduced during deposition. 
Another effect of oxygen, which is consistently reported throughout the literature 
on ZnO and ZnO based material systems is the ability to increase film resistivity. This 
could not be verified in this work quantitatively, as the resistance of the films was beyond 
measurement capabilities of the Hall system. Instead the resistance was qualitatively 
inferred from the VT of devices measured, though it is understood that other processing 
factors contribute to the VT values. VT shows a linear relationship with Ga/OI ratio 
(Figure 5.2). This proportional dependence is expected since Ga is considered as 
scavenger of oxygen vacancies due to its strong bonding with oxygen. Therefore as the 
Ga/OI ratio increase, the carrier concentration in the film is thought to decrease. This is 
verified with the consequent shift in VT towards positive direction as well as increase in 
Ioff (Figure 5.3). The variation in VT and Ioff with Ga/OI ratio is due to the change in Ga 





ratio (Figure 5.4). This is understandable as increase in Ga/Sn represents higher mobility 
with decreased oxygen vacancy and hence decreases the SS. 













Figure 5.2. Variation in VT with Ga/OI ratio. 





































Figure 5.4. Variation of SS value with Ga/Sn ratio. 
The stability tests (electrical stress and photoexcitation) conducted demonstrates a 
change in degradation and performance of devices based on oxygen incorporation. The 
instability of the 0 sccm oxygenated device is due to the absorption of negatively charged 
oxygen species during the stress period. Instability of the 10 sccm oxygenated device is 
due to increased electron trapping within existing traps, not increased trap creation. This 
increased trapping is due to an increased carrier concentration. The theory for the 
behavior of the 10 sccm device is in agreement with the conclusion drawn by Kim et al. 
[147]. 
5.2 Deposition and annealing temperature 
There is consensus amongst published literature that in addition to oxygen 
incorporation, the effects of deposition and annealing temperature have the ability to 
significantly alter the characteristics of ZnO based active layers. This observation is also 





blatantly illustrated by the inoperability of devices with RT as-deposited active layers, 
where ET as-deposited devices were operational though not optimally. The difference in 
the functionality of these as-deposited devices is resultant of the annihilation of inherent 
defects, and improvement of the local arrangement of atoms by the higher thermal energy 
supplied during the ET deposition. The oxygen incorporation is also reduced at high 
deposition temperature. Substrate heating was also found to be effective in reducing the 
required annealing temperature for which significant changes in device characteristics 
such as VT and SS are observed.  
RT and ET annealed films, possess  Sn/Zn atomic fractions close in value, and 
show similar behaviour with annealing temperature. The major differences between the 
RT and ET films are the variations of the   Zn/OI and OI/OII ratios, which are 
complimentary to each other with increased annealing temperature. Both of these 
differences explain the observed opposite modes of operation of the devices.  
Zn/O1 decreases with annealing temperature Figure 5.5, while the OI/OII increases 
with annealing temperature Figure 5.6 though it is more linear in the case of RT annealed 
samples. Both data sets indicate that with the increase in annealing temperature,   Zn/O1 
decreases which imply that carrier concentration increases with VT increasing. The 
increasing value of OI/OII indicates that on annealing there are more oxygen vacancies 
being created resulting in increase in carrier concentration. In the case of ET films 
however,  Zn/OI increases with the annealing temperature while the OI/OII decreases with 
the annealing temperature, excluding the sample at 150 °C which does not fit the data. 





higher OI/OII implies higher carrier concentration and hence the VT is negative and with 
increasing annealing temperature it shifts to the  positive side with decreasing OI/OII.   
All TFTs illustrate a possible relationship between Zn/OI and VT, where VT 
increases as the Zn/OI ratio Figure 5.7 increases. This relationship appears to be primarily 
dependent on the atomic percent of oxygen in that there is a decrease in VT as O atomic  
percent increases. The decrease of VT with increase in O atomic percent as well as OI 
relative percent is consistent with what is expected. As O atomic percent increases there 
is an increase in O vacancies which thereby increases carrier concentration, channel 
conductivity, Ioff. Regarding annealing, the OI/OII ratio of the RT films increases with 
increased annealing signifying increased oxygen vacancies in the system.  
SS decreases drastically with Sn/OI ratio Figure 5.8 but does not vary 
significanlty in the case of ET films. The difference in the behavior can be explained that 
in the RT films the improvement of defect is significant hence the mobility variation 
could be higher with  increase in Sn/OI while in the case of ET films as the deposited 
films are already less defective, increased Sn does not significanlty affect the films. Also 
it is to be pointed out that normally the changes in VT and Ioff are associated with the bulk 
traps and variations in SS are associated with the interface states. So both the Zn and Ga 
atomic concentration impacts bulk traps while Sn/OI appears to affect the interface state 
density. Figure 5.9 clearly illustrates the dependence of Ion/off  on the Sn/Ga ratio, and 



























Figure 5.5. Dependence of Zn/OI with annealing temperature.  














































Figure 5.7. VT dependence on Zn/OI ratio. 





























Figure 5.9. Influence of Sn/Ga ratio on Ion/off. 
In addition to annealing temperature, the annealing duration and ambient were 
investigated. Annealing duration refers back to the comparisons of Figure 4.25, Table 4.6 
and Table 4.7, which highlights a negative shift in VT with increased annealing time. This 
negative shift is attributed to the active layers being more conducting with increased 
annealing duration. The influence of annealing ambient proved to have significant effects 
on the performance of the devices. Our findings being similar to that of Huang et al. [50], 
where vacuum yields the lowest resistivity, followed by air, then nitrogen. With air 
annealing held as the baseline standard, the various resistivities resulting from vacuum 
and nitrogen are commonly attributed [148] to an increase in oxygen vacancies and 
production of acceptors, respectively.  
Various mechanisms that are commonly attributed to  influence the stabilty of  
ZnO and ZnO based AOS devices are interface traps, chemisorption of oxygen, and 




















observed changes in SS, VT,  and Ioff . For instance, during photoexcitation TFTs 
demonstrating a change in SS accompanied with a negative shift in VT are indicative of 
electrons detrapping from the states during laser illumination. More specifically, the 
changes in SS and VT occuring without an increase in Ioff signifies detrapping of electrons 
from the interface states only [149]. 
When illuminated by the red and green laser respectively, TFTs produced with 0 
sccm flow oxygen exhibit the largest variation in SS and VT in contrast to the TFTs with 
higher oxygen incorporations of 2 and 10 sccm. The large variations in the characteristics 
of oxygen deficient TFTs even under red laser illumination indicate the existence of 
shallow traps,  consistent with  the reports on pulsed laser deposited ZnO films [150] 
where it was found that channel layers deposited under oxygen deficient conditions are 
more defective with traps located at 0.32 eV below the conduction band edge. It is to be 
noted that the traps refer to both the traps in the channel and the interface traps. The light 
illumination has been shown [149, 151] to create doubly ionized oxygen vacancy defects, 
VO
2+
 , from the neutral oxygen vacancy, VO, already existing in the channel. This also 
manifests in enhanced interface trap density in these ZnO and the associated AOS 
systems [149]. As a result, the observed shift in VT with illumination is always negative 
due to electrons detrapping from the trap states as well as from the interface states.  A 
comparatively smaller change of VT, SS and Ioff  values for the 2 sccm oxygen 
incorporation occurs when illuminated by the green laser   compared to the results 
collected in the dark. Further,  the variation in VT between 0 sccm and 2 sccm oxygen 





sccm device. Further, for the largest oxygen incorporation of 10 sccm, a minimal change 
in VT accompanied with considerably invariant SS and Ioff under excitation from both 
lasers represent continued reduction in trap density. The inherent defects within the 
channel layer of the oxygen deficient device highlighted during photoexcitation 
measurements were also observed under stress tests. However, the instability in this case 
is represented by a positive shift in VT with SS being invariant. Further, instability with 
respect to gate bias stress was also observed in the TFT fabricated at the other extreme 
oxygen condition of 10 sccm. These variations under stress manifest only in VT shift and 
not SS. The lowest VT shift observed in 2sccm can be explained in terms of the difference 
in the location of the quasi Fermi levels at the interface between this TFT and the other 
two TFTs.   It is to be noted that  the VT values are similar  -2 V and -1 V for 0 and 10 
sccm  , respectively, despite other differences in these two samples, while it is -3 V for 2 
sccm. Hence, it speculated that for 2 sccm the quasi Fermi level is quite low closer to the 
mid gap level and the changes due to the charge trapping  comparatively have minimal 
effect in the VT shift. As the device is fairly stable under photoexcitation as well as the 
stress condition for the intermediate oxygen incorporation of  2 sccm  this deposition 
condition  was chosen for   further investigating the effect of subtrate and  annealing 
temperatures, despite the  slightly inferior transfer characteristics to those of 10 sccm 
oxygen flow.  
The photoexcitation results on 250 °C annealed  ET devices are also consistent, in 
that  higher drain current and larger negative shifts in VT are observed on illumination, 





on green illumination are observed for RT device at higher annealing temperature of 350 
°C.  This clearly indicates depending on the deposition and annealing combination one 
can change the energetic distribution of the interface states in the gap. 
   Thus our findings show that it is possible to achieve enhancement and depletion 
mode devices through different combinations of oxygen partial pressures during 
deposition as well as  deposition plus post-deposition annealing temperatures, with both 
remaining below 250 °C, thus making the entire process compatible for potential 
applications on flexible substrates. Further these can be judiciously chosen to get a stable 
performance both with respect to the bias stress as well under illumination, a great 











GSZO films of 30nm have been deposited by rf sputtering at both RT and ET 
with varied oxygen partial pressures. The films produced are amorphous within the 
temperature ranges of this investigation. Transparency typically above 80% in the visible 
region were observed for films with at least 2 sccm oxygen incorporation during 
deposition, with an optical band gap of approximately 3.1 eV. All the data have been 
explained by delineating the O 1s XPS peak into two peaks with the first one at lower 
binding energy attributed to the metal oxides and oxygen vacancies. The second peak at 
higher binding energy to chemisorbed species on the surface. The changes that were 
observe in O2 flow as well as in the annealing temperature depend on the variation that 
occurs in the elemental atomic concentration of the films which is correlated to the 
variations in the oxygen vacancies through OI peak . It is to be noted that zinc vacancies 
were also considered as a contributing factor in the variation of film composition, but was 
excluded after further investigation. GSZO depletion mode TFTs have been fabricated 
with ID of 10
-6
 A, VT of -3 V, SS of 1.3 V/decade, and Ion/off of 10
6
 when operated in the 
dark without gate stress. The trap density, defect creation in the layer and oxygen 
chemisorption play a critical role in determining the operational characteristics of the 
device, all which can be controlled by the oxygen incorporation and temperature during 
deposition, along with post-deposition annealing. Device instability, with respect to the 
electrical stress and optical illumination, can be suppressed by suitably tailoring these 





with post-deposition annealing at 250 °C exhibits the best performance in enhancement 
mode with ID = 10
-7
A, VT = 3 V, SS = 1.3 V / decade, and Ion/off  = 10
6
. Mobility values 
are shown to increase with oxygen incorporation, and are low compared to the literature.  
A stable TFT has been achieved under electrical stress for the  intermediate 2 sccm  RT  
deposition with 250 °C annealing condition, exhibiting ΔVT as low as ~0.5 V for 3hour 
stress under a gate bias of 1.2 and 12 V, while optical stability has been achieved at  10 








 Due to the lack of information on the GSZO material system and its characteristic 
influence on resulting device behavior, there remain unexplored/underexplored 
phenomena.  Regarding, film characterization the following areas would prove beneficial. 
First, additional XPS analysis conducted within a week of deposition. This analysis 
should be performed without sputtering of surface oxide and with sputtering. In addition 
analysis should be further by including depth profiling. Secondly, Hall measurements for 
highly resistive films should be performed to give quantified insight into the effects of 
deposition parameters and post deposition techniques on the film characteristics. 
Regarding TFT production the next step would be fabrication on a flexible substrate, and 
it is the advice of the author to further reduce the active layer area so that it does not 
protrude from under the source and drain electrodes. In reference to device 
characterization, RT TFTs should be produced with active layers that are annealed at 
temperatures above 350 °C, in an attempt to observe a positive migration in VT as in that 
of the ET samples. In addition, photoexcitation measurements should be repeated using 
lasers of the same power density. To complement the photoexcitation measurements, 
capacitance – voltage measurements should also be performed to identify the density of 
traps, as it was not achievable during this work. Lastly, it is the suggestion of the author 
to modify the target composition with a higher Sn atomic fraction to improve the 





from the deposition, processing, fabrication, and testing experience acquired during this 
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